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Apoptosis is a normal regulatory process that contributes to the maintenance of a healthy complement of 45 follicles and their constituent oocytes (Yuan and Giudice, 1997) . The granulosa cells are more 46 susceptible to apoptosis in the follicle than the theca or cumulus cells (Bencomo, Pérez, Arteaga et al., 47 2006 ). High levels of granulosa cell death could impact follicle development and suppress oocyte growth 48 Amsterdam, 2002,Irving-Rodgers, Krupa and Rodgers, 2003) . In the late 1990s and early 49 2000s, the levels of apoptosis in follicles were explored as potential markers of oocyte quality and to 50 predict pregnancy outcome. However, its effectiveness as a marker was limited ( Wezel, Rodgers and Krupa, 1999) . Another type of cell death termed necrosis results from a foreign 62 insult to a cell, which subsequently ruptures and causes an inflammatory response. A third type of cell 63 death is referred to as terminal differentiation of the antral granulosa cells, similar to the differentiation 64 that occurs in skin epithelium The terminally differentiated granulosa cells become loosely associated to 65 the granulosa membrana, and are eventually sloughed off into the antrum, similar to skin epithelial cells. 66
The cells coalesce to form coagulated globules ranging in size from 40 µm to 620 µm (van Wezel et Many of these studies suffer from technical limitations because they have relied on pooling follicles of 81 different sizes, counting a small portion of the granulosa cells (~100-1000), and have excluded follicles 82 because of blood contamination, or failed to exclude white blood cells (Nakahara et al., 1997 ,Oosterhuis 83 et al., 1998 ,Seifer, 1996 . In addition, when propidium iodide and Annexin V-FITC are combined, 84 spectral overlap was not compensated for, and made the incorrect interpretation of the quadrants as being 85 apoptosis-induced necrotic cells (Jančar et al., 2007 ,Seifer, 1996 ,Giampietro et al., 2006 . 86 87 From our previous experience, we determined that Annexin V stain, which indicates early onset of 88 apoptosis, is unreliable because of unintentional damage caused by centrifuging cells at a high speed that 89 induces early apoptosis (Regan, McFarlane, O'Shea et al., 2015) . 90
Uniquely, the current study identifies granulosa cells based on positive FSH receptor expression, 91 combined with excluding red and white blood cells. Therefore, the current study aims to further explore 92 the changes in granulosal apoptosis of healthy follicles (not atretic); hence, indicating mitogenic 93 growth/turnover rate rather than follicle death. By using optimized methodologies and experimental 94 techniques, individual follicles ranging in size from 4 mm to 26 mm were analysed to determine the 95 relationship between apoptosis (7AAD +) as the ovarian follicle reserve is depleted with age. 96
Methods

97
A total of 198 follicles were collected from 31 patients undergoing standard in vitro fertilisation 98 treatment (Table 1) . Patients were aged between 23 and 45 years, with a range of infertility factors, but 99 limited to exclude unusual medical conditions, endocrine dysfunction, polycystic ovarian syndrome and 100 endometriosis, and were comprised of male factor, low ovarian reserve, donor sperm or unexplained Gonal F), from cycle day 2 for ~10 days, as previously described (Regan, Knight, Yovich et al., 2016) . 105
Ovulation was triggered with 10 000 IU HCG, and oocyte retrieval was 36 hours later by transvaginal 106 oocyte aspiration (Regan et al., 2016) . Body mass index (BMI) differences were not significant in this 107 study. 
Discussion
236
The major findings of this study are that the level of granulosa cell apoptosis increased in follicles of a 237 size corresponding to the stage of dominant follicle selection (10 mm) and of pre-ovulatory maturation 238 (23+ mm) in young IVF patients with an uncompromised ovarian reserve based on the number or antral 239 follicles present on day 5 of a cycle (AFC) (Fig. 2) . The granulosal BMPR1B and FSH receptor density 240 were both inversely proportional to the level of granulosal apoptosis in the young patients (Fig. 2) . 241
However, as the ovarian reserve declined with age, this relationship was disrupted. The reduction of 242 apoptosis in the older patients was associated with a compromised level of BMPR1B at the time of 243 dominant follicle selection (10 mm), whereas the low level of apoptosis in the largest follicles (23+ mm) 244 was associated with the lack of down-regulation of the BMPR1B, FSH receptor, and the LH receptor 245 combined (Fig. 2) . 246
247
Unique to this study, only granulosa cells identified by FSH receptors on the cell surface were included 248 in the flow cytometry analyses, providing certainty that the positive events were granulosa cell-specific 249 after removal of both red and white blood cells and other potential confounding signals. In the current 250 study, we do not differentiate between apoptosis or terminally differentiated granulosa cells, as 7AAD 251 would stain all exposed DNA. The follicles analysed in the present study are healthy follicles that would 252 be contributing to the overall serum oestrogen levels (Tilly J L et al., 1992, Amsterdam et al., 2003) . The 253 percentage of apoptosis reported would therefore not be comparable to studies that did not identify 254 granulosa cells positively and that did not exclude white blood cells. 255
256
In the entire research project there were only four out of 500 follicles that were atretic and did not 257 express any receptors, and were therefore removed from analysis. This is consistent with other studies 258 that reported low levels of TUNEL assay positive granulosa cells in dominant follicles (Yuan and 13 dominant follicle selection is consistent with a corresponding increase in apoptosis (Fig 2 and Fig. 5 ). As 288 the levels of FSH receptor decrease, the granulosa cell would produce less oestrogen and show limited 289 cell division. As the level of receptors increase, again the level of apoptosis reduces, which is consistent 290 with our findings (Fig 2 and, Fig. 5) . apoptosis levels associated with the high ovulation rate of this breed was recently confirmed (Estienne, 313 Pierre, di Clemente et al., 2015). In the human context, the lower levels, and reversed expression of 314 BMPR1B in the older patients, may directly contribute to low levels of apoptosis associated with poor 315 granulosa cell proliferation (Fig 2) . 316
317
The extent of granulosa cell apoptosis was maintained at a consistent level in the follicles from 14 to 19 318 mm in size in the young cohort, which was not significantly different to that seen with the older patients 319 (Fig. 3) . The plateau could signify a base rate of continuous removal of atretic granulosa cells via 320 phagocytosis or autophagy and terminal sloughing off of granulosa cells into the antrum. Importantly, 321 the similar levels of apoptosis in the older patients suggest that the general health of the follicle is not 322 compromised. 323
324
In contrast, in a study using TUNEL labelling in aspirated follicles from IVF patients, Seifer, et al, 1996, 325 reported that granulosa cell apoptosis was increased as the ovarian reserve declined. These cells were 326 contaminated with white blood cells, and when counterstained with propidium iodide, this quadrant was 327 not included. In another study of IVF stimulated patients (33 year-old), annexin V staining indicated 328 that the level of apoptosis was 7.8 -9.8 %; however, the propidium iodide stained quadrant was excluded 329 from analysis (Giampietro et al., 2006) . In addition, the follicles were centrifuged at 3000 rpm (1200 g) 330 and were pooled; whereas, in the current study, the follicles were individually analysed (~ 8000 331 granulosa FSH receptor positive cells per follicle) and centrifuged at 1500 rpm (300 g). The same study 332 applied a second method (TUNEL assay) on the same patient group, and the level was found to be much 333 higher, ~ 20 % (Giampietro et al., 2006) . The authors acknowledged that the TUNEL assay may also 334 overestimate apoptosis because multiple atretic bodies measured may have originated from a single 335 granulosa cell. The TUNEL assay also estimated apoptosis levels to be higher than that assessed by 340 Surprisingly, the level of apoptosis in the largest follicles (>23 mm) from the young patients was 341 significantly higher compared to middle sized follicles (Fig. 2) . The greater level of apoptosis coincides 342 with the extensive morphological changes that take place in the preovulatory stage to facilitate the 343 rupture of the follicle and expulsion of the oocyte (Fig. 2) Conflicting with the current study, an increase in DNA fragmentation of granulosa cells (TUNEL assay) 354 has been shown to increase with age, even though errors in methodologies were present, as described 355 above (Oosterhuis et al., 1998 ,Seifer, 1996 ,Sadraie, Saito, Kaneko et al., 2000 . As the granulosa cell 356 differentiates into a progesterone producing granulosa-lutein cell, the oestrogen levels also transiently 357 decline. The decline in oestrogen and other growth factors may account for the increased apoptosis in the 358 largest follicle in the young because this follicle would have the greatest drop in oestrogen (Fig. 2) . receptors combined observed in the older patients (as previously described) would limit the maturation 364 of the follicle and maintain a high anti-apoptotic state, consistent with the reduced apoptosis level (Fig  365   2) . 366
367
In the current study, we did not find an increase in granulosa cell apoptosis in the large (>23 mm) 368 preovulatory follicles of older patients that had a poor ovarian reserve (antral follicle count-D&E). These 369 patients also had a poor pregnancy and live birth rate (Fig. 2) . This is in marked contrast to the finding in 370 the younger patients who showed a ~7-fold higher level of apoptosis in follicles of the same size class 371 (>23 mm) (Fig. 2) . Moreover, when the individual results for each follicle size were combined to mimic 372 results from a 'pooled follicle protocol', the younger patients still had a significantly greater level (~2-373 fold) of 7AAD positive cells (Fig. 4) ; notwithstanding that, they were uniquely identified as granulosa 374 cells that were FSH receptor positive and free from white blood cell contamination. 425 The authors declare that there is no conflict of interest that could be perceived as prejudicing the 426 impartiality of the research reported. 427 
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